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Severe acute respiratory syndrome (SARS) is a novel infectious disease caused by the SARS-associated 
coronavirus (SARS-CoV). There are four major structural proteins in the SARS-CoV, including the nucleo- 
capsid, spike, membrane, and small envelope proteins. In this study, two sets of truncated fragments of spike 
protein were generated, the first were approximately 210-bp nonoverlapping fragments and the second were 
overlapping segments of 750 to 900 bp. From these 23 fragments, we identified a fragment of 259 amino acids 
(amino acids 441 to 700) that is a major immunodominant epitope. This fragment was highly expressed, and 
the purified fragment C could detect all 33 SARS patient serum samples tested, collected from 7 to 60 days after 
the onset of fever, but had no reactivity with all 66 healthy human serum samples tested. Thus, fragment C of 
spike protein was identified as an immunodominant antigen and could be used for serological detection of 


SARS-CoV infection. 


Severe acute respiratory syndrome (SARS) was first re- 
ported in the Guangdong province of China in late 2002. The 
disease is characterized by fever, nonproductive cough, and 
dyspnea (15, 23, 27). The SARS-associated coronavirus 
(SARS-CoV), a novel CoV (order Nidovirales, family Corona- 
viridae, genus Coronavirus), has been determined to be the 
cause of SARS by laboratory investigations utilizing electron 
microscopy, virus-discovery microarrays containing conserved 
nucleotide sequences characteristic of many virus families, ran- 
domly primed reverse transcription (RT)-PCR, serological 
tests, and a monkey model (2, 4, 12, 18, 20, 24). 

The Coronaviridae family comprises enveloped, positive- 
stranded RNA viruses that cause respiratory and enteric dis- 
eases in humans and animals. There are three groups of CoVs: 
groups 1 and 2 contain mammalian viruses and group 3 con- 
tains only avian viruses. Their genome, about 30,000 nucleo- 
tides, is the largest found in RNA viruses and encodes 23 
putative proteins, including four major structural proteins: nu- 
cleocapsid (N), spike (S), membrane (M), and small envelope 
(E) (3, 7, 14). S is a large membrane glycoprotein and forms 
180- to 190-kDa peplomers that bind to receptors on CoV- 
susceptible cells and induce cell fusion. Phylogenetic analysis 
of the genome sequence of the SARS-CoV indicated that the 
newly found virus is not closely related to any of the previously 
characterized CoVs and forms a distinct group within the ge- 
nus Coronavirus (14, 17). 

As the SARS epidemic spreads, rapid viral diagnosis will be- 
come increasingly critical, both for the control of the epidemic 
and for the management of patients. Although the real time 
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PCR-based diagnostic test for SARS is reported to perform well 
for early identification of infections (sensitivity of 79% and spec- 
ificity of 98%) (22), specific antibody or antigen detection tests 
will be technologically simpler and less expensive; hence, they will 
be urgently needed in hospitals of the epidemic region. 

The S, M, and N mature proteins all contribute to generating 
the host immune response in transmissible gastroenteritis CoV 
(TGEV), infectious bronchitis virus (IBV), pig respiratory 
CoV, and mouse hepatitis virus. However, the S protein, a 
projection on the viral surface, is the major neutralizing anti- 
gen of the known CoVs (1, 6, 10, 11, 19). Because of the low 
level of similarity (20 to 27% pairwise amino acid identity) 
between the predicted amino acid sequence of the S protein of 
SARS-CoV and other CoVs, comparison of primary amino 
acid sequences does not provide insight into the antigenic 
properties of the SARS-CoV S protein. The specific objectives 
of this study were, thus, to analyze the natural immune re- 
sponse of SARS patients to S protein and to identify the 
immunodominant epitopes or domains within S protein which 
might serve as candidate antigens for the detection of SARS- 
CoV infection. 


MATERIALS AND METHODS 


Viruses and cells. SARS-CoV (SIN2774, GenBank accession number 
AY283798) was provided by the Singapore General Hospital. Spodoptera frugi- 
perda (SF9) cells were maintained at 27°C in SFM-900 II medium. Infection of 
the cells with recombinant viruses and plaque titration of virus stocks were 
performed according to standard protocols (Invitrogen, Carlsbad, Calif.). 

Sera. The source and nature of human serum samples used in this study are 
listed in Table 1. Sera of IBV-infected chicken and TGEV-infected swine were 
developed in this study according to the methods described previously (28). 

cDNA cloning. SARS-CoV RNA was extracted from the tissue culture super- 
natant of SARS-CoV-infected Vero cells by using Trizol (Invitrogen). cDNA was 
synthesized from the SARS-CoV RNA by using Superscript IIT RNase H™ re- 
verse transcriptase (Invitrogen) and a primer specific for the s gene of SARS- 
CoV representing nucleotide positions 3741 to 3768 (downstream primer 5'-TT 
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TABLE 1. Nature and source of sera used in the immunoblot 
assays 


No. of 


Serum group satples 


Origin of serum samples (n) 


Confirmed SARS 6 
patient serum 
(collected 7-60 
days after 
onset of fever) 


National Environmental Agency, 
Singapore (1) 


Center for Disease Control, Guangzhou, 
China (5) 
27 Singapore General Hospital (12) 
Tan Tock Seng Hospital, Singapore (15) 
Healthy human 66 Singapore General Hospital (10) 
serum 
Tan Tock Seng Hospital, Singapore (24) 
Voluntary blood donors in Temasek 
Life Science Laboratory (32) 


ATGTGTAATGTAATTTGACACCCTTG-3’). The RT reaction was carried 
out for 1 h at 40°C in the presence of 1 mM deoxynucleoside triphosphate mix 
and 10 mM dithiothreitol in the 1x reaction buffer. The second strand of DNA 
was synthesized by PCR amplification with primers corresponding to different 
domains of the s gene. In this study, two sets of s gene fragments were amplified 
through the RT-PCR approach. Eighteen nonoverlapping linear fragments (s/ to 
s18) covering the whole s gene were designed for expression as glutathione 
S-transferase (GST) fusion proteins (s/ to s/7 were 210 bp in length [each] and 
s18 was 195 bp in length); five overlapping fragments representing the whole s 
gene (sa, sb, sc, sd, and se) were cloned into pFastBacHta vector (Invitrogen) for 
expression in insect cells as His,-tagged peptides (Fig. 1 and 2 and Table 2). 
Correct clones were confirmed by sequencing. After immunologic screening, the 
antigenic sc fragment was further cloned into the pQE30 vector and highly 
expressed in Escherichia coli M15 (Qiagen, Hilden, Germany) (Table 2). 
Protein expression and purification in E. coli. For expression and purification 
of GST fusion proteins, 18 gene fragments covering the whole s gene (s/ to s17, 
210 bp; s/8, 195 bp) (Fig. 1) were cloned into the pGEX4T-3 vector and trans- 
formed into E. coli BL21; after induction with 0.1 mM isopropyl-B-p-thiogalac- 


A S gene 
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topyranoside (IPTG) for 4 h, the GST fusion proteins were expressed and 
purified according to the standard protocol (Amersham Bioscience, Piscataway, 
N.J.). 

For His,-tagged protein expressed from the pQE30 vector, the recombinant 
proteins were induced in E. coli M15 with 1 mM isopropyl-B-p-thiogalactopyr- 
anoside, after which the clarified cell extracts were mixed with Ni**-charged 
resin (Ni**-nitrilotriacetic acid) in binding buffer (100 mM NaCl, 10 mM Tris-Cl, 
and 8 M urea [pH 8.0]). Batch purification of His-tagged proteins under dena- 
tured conditions was performed according to the handbook along with the resin 
(Qiagen). 

Protein expression in baculovirus expression system. Construction of recom- 
binant Autographa calfornica multiple nucleopolyhedroviruses expressing His,- 
tagged proteins from the polyhedrin promoter was performed according to the 
protocol of the Bac-to-Bac system (Invitrogen), a fast approach for generating a 
recombinant baculovirus by site-specific transposition with Tn7 to insert foreign 
genes into bacmid DNA (Autographa californica multiple nucleopolyhedrovirus 
expression vector) propagated in E. coli. For protein expression, 10° cells were 
infected at a multiplicity of infection of 5 and harvested at 72 h postinfection. The 
cells were then washed one time with cold 1x phosphate-buffered saline and 
stored as a frozen pellet at —70°C. 

Electrophoresis of proteins and Western blotting. Electrophoresis of proteins 
and Western blot assays were performed according to standard protocol (25). 


RESULTS 


Antigenic analysis of 18 fragments expressed as GST fusion 
proteins. To search for potential small antigenic epitopes that 
might serve as a basis for the localization of the antigenic 
domains within the s gene, 18 fragments (sJ to s18) encom- 
passing the whole S protein were cloned into the pGEX-4T-3 
vector, expressed, and fused with GST. The locations of these 
fragments are shown in Fig. 1A. A set of GST fusion proteins 
of about 32 kDa were successfully expressed in bacteria as 
demonstrated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) (Fig. 1B) and Western blot anal- 
ysis with monoclonal anti-GST antibody (Fig. 1C). 

After purification, these fusion proteins were subjected to 
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FIG. 1. SDS-PAGE and Western blot analysis of 18 nonoverlapping fragments covering the whole S protein expressed as GST fusion proteins. 
(A) Schematic diagram of 18 nonoverlapping fragments within the S gene. (B) SDS-PAGE of the 18 induced GST fusion fragments. GST fusion 
proteins around 32 kDa were expressed in all of the induced cells. M, protein marker; BL21, control BL21 cellular extract; $1 to S18, total cellular 
extracts harvested 4 h post-IPTG induction of the BL21 cells transformed with recombinant pGEX constructs bearing s/ to s18, respectively. 
(C) Western blot analysis of the expressed GST fusion fragments with monoclonal mouse anti-GST antibody. M, protein marker; GST, control 
GST protein; N, control BL21 cellular extract; $1 to $18, samples as described for panel A. The arrows indicate the expressed fusion proteins. 
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FIG. 2. Expression of five overlapping domains within the S protein in SF9 cells. (A) Schematic diagram of five overlapping fragments within 
the S protein. (B) Western blot analysis of the expressed His,-tagged fragments. SF9, control SF9 cells; VA, fragment A; VB, fragment B; VC, 


fragment C; VD, fragment D; VE, fragment E; M, protein marker. 


Western blot analysis with 10 randomly selected SARS-in- 
fected patient serum samples. Fragment S9 reacted with 6 of 
the 10 serum samples while other fragments either had no 
reaction with all the sera (s/, s2, s3, s4, s5, 515, 516, and s18) or 
only reacted with three samples or less (s6, 57, s8, s10, s11, 512, 
s14, 514, and s17). None of the truncated fragments were able 
to detect antibodies against SARS in serum sample no. 2, 5, 
and 7 (Table 3). 

Since none of the identified antigenic fragments could detect 
all 10 serum samples individually or in combination, we pro- 
ceeded to study the antigenicities of larger fragments within 
the S protein by expressing them in insect cells. 

Expression of five overlapping polypeptides covering the 
whole S protein with a baculovirus expression system. Five 
overlapping fragments (named Sa, Sb, Sc, Sd, and Se) repre- 
senting the whole S gene were amplified from the SARS-CoV 
genome by RT-PCR as detailed in Materials and Methods. 
They were subsequently cloned into the pFastBacHTa vectors 
under the control of the polyhedral promoter and integrated 
into the bacmid genome by transposition after these recombi- 
nant vectors were transformed into the DH10Bac competent 
cell individually. The recombinant baculoviruses were obtained 


after transfection of these bacmids into insect SF9 cells. For 
protein expression, SF9 cells were infected with the five re- 
combinant baculoviruses (named VA, VB, VC, VD, and VE) 
with a multiplicity of infection of 5 individually. The cells were 
harvested at 72 h postinfection. Total cell lysate from each 
infection was submitted to Western blot analysis with the anti- 
His; monoclonal antibody, since each of the expressed recom- 
binant proteins will be tagged with a His, epitope at the N 
terminus. Five proteins representing the five overlapping do- 
mains (A, B, C, D, and E) of S protein at the expected sizes 
were successfully expressed and detected in the immunoblot 
assay (Fig. 2). 

Identification of antigenic domains within S protein. Immu- 
noblot analysis was used to identify the antigenic domains 
within S protein. We first tested the reactivity of 10 randomly 
selected healthy human serum samples with the total cellular 
extracts described above, and we found no observed reactivity 
between five domains with the serum, as shown in Fig. 3I. Then 
the randomly selected 10 SARS-infected patient serum sam- 
ples described above were utilized to screen the antigenic do- 
mains within S protein. None of the 10 serum samples reacted 
with domains A and B (Table 4 and Fig. 3II, III, and IV, lanes 


TABLE 2. cDNA cloning primers 


Fragment Primers used for cDNA amplification and cloning (sequence) Cloning vector and cloning sites 

Sa HTAs+1 (CGCGGATCCGATGTTTATTTTCTTATTATTTCTT) pFastBac Hta, BamHI, KpnI 
S-5 (CGGGGTACCTGCAGCTGACGTGCCCCAAATGTC) 

Sb HTAs+2 (CGCGGATCCGATTTGGGGCACGTCAGCTGCAGCC) pFastBac Hta, BamHI, KpnI 
S-4 (CGGGGTACCCCTAAGCTTGCCATGTCTAAGATA) 

Sc HTAs+3 (CGCGGATCCGTATCTTAGACATGGCAAGCTTAGG) pFastBac Hta, BamHI, KpnI 
S-3 (CGGGGTACCAAAGTTAGTAGGTATAGCAAT) 

Sd HTAs+4 (CGCGGATCCGCATACAGTTTCTTTATTACGTAGT) pFastBac Hta, BamHI, KpnI 
S-2 (CGGGGTACCAAGGATATCATTTAGCACACTTGA) 

Se HTA+5 (CGCGGATCCGTCAAGTGTGCTAAATGATATCCTT) pFastBac Hta, BamHI, KpnI 
S-1 (CGGGGTACCTTATGTGTAATGTAATTTGACACC) 

Se S+3 (CGCGGATCCTATCTTAGACATGGCAAGCTTAGG) pQE30, BamHI, Kpni 


S-3 (CGGGGTACCAAAGTTAGTAGGTATAGCAAT) 
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TABLE 3. Reactivity of 18 GST fusion fragments against 10 convalescent SARS-positive serum samples 


Result for fragment: 


Serum no. 
S1 82 $3 S4 S5 S6 S7 S8 S9 S10 S11 $12 $13 S14 S15 S16 S17 S18 

1 t t t t t 
2 
3 t t t t t 
4 
5 
6 t t 
7 
8 
9 
10 t 
Total no. of 2 3 3 6 2 2 1 1 2 1 


reactive sera 


A and B); All of the 10 serum samples reacted with domain C 
(Table 4 and Fig. 31, HI, and IV, lane C) while 6 of the 10 
samples reacted with domain D (Table 4 and Fig. 3IV, lane D) 
and only one sample reacted with domain E (Table 4 and Fig. 
3II, III, and IV, lane E). 

Since only domain C could be identified by all 10 SARS- 
positive sera in the immunoblot screening, domain C was iden- 
tified as a major immunodominant domain within S protein. 

Expression, purification, and immunoblot analysis of the C 
fragment in a bacterial system. To further characterize hu- 
moral immune response to the C domain, we proceeded to 
express it in a bacterial system, since it could produce the 
antigen much more efficiently. The Sc fragment encoding the C 
domain was cloned into the pQE30 expression vector and 
transformed into E. coli strain M15. The N terminal His,- 
tagged C domain was highly expressed and purified according 
to the standard protocol from Qiagen (Fig. 4A). The protein 
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purification method was efficient, as about 1 mg of purified 
protein was obtained from approximately 100 ml of bacterial 
culture. 

As expected, Western blot analysis demonstrated that the 
purified protein reacted strongly with the anti-His; mono- 
clonal antibody (Fig. 4B). Furthermore, the pooled serum 
sample from the 10 SARS-positive serum samples described 
above was shown to react strongly with the purified protein 
(Fig. 4C). 

To further study humoral immune response to the C domain 
of S protein, another 56 healthy human serum samples and 23 
SARS-infected patient serum samples were tested against the 
bacterially expressed C domain. The purified 32-kDa antigenic 
domain C was recognized by all of the confirmed SARS-in- 
fected patient serum samples (n = 33), and no antigenic reac- 
tivity could be detected when healthy human serum samples ( 
= 66) were tested (data not shown). 


E SF9 A B C D E 


FIG. 3. Representative immunoblot assays with sera from the 10 randomly selected SARS patients. Total cellular extracts of fragments A to 
E were subjected to SDS-12% PAGE and immunoblot analysis. For all of the immunoblot assays, sera were used at 1:100 and peroxidase- 
conjugated goat anti-total Ig polyclonal sera were used at 1:1,000. M, protein marker; SF9, cellular extracts from null-infected SF9 cells; A to E, 
cellular extracts from SF9 cells infected with VA, VB, VC, VD, and VE, respectively. (1) Immunoblot with one healthy human serum sample as 
a control. (II) Immunoblot with serum sample no. 1 that reacted with domains C, D, and E. (IID) Immunoblot with serum sample no. 5 that 
recognized only the C domain of S protein. (IV) Immunoblot with serum sample no. 8 that recognized both the C and D domains. 
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TABLE 4. Reactivities of 10 SARS patient serum samples with 
fragments of S protein expressed from insect cells 


s Normal Result for sample no.: No. of 
erum : 
fragment serum reactive 
result 1 2 3 4 5 6 7 8 9 10 sera 
A 0 
B 0 
Gc t + t t t 10 
D t 6 
E 1 


From phylogenic analysis, the SARS-CoV S protein appears 
to be related to the avian, dog, cat, pig, and rat CoV S proteins 
but does not show a closer relationship to human CoV S 
protein (16, 23). Western blot analysis was performed to test 
whether the purified antigen could react with sera from chick- 
ens experimentally infected with IBV and swine experimentally 
infected with TGEV. No antigenic cross-reactivity could be 
detected (data not shown). Thus, the C domain appeared to be 
a very specific antigen for the SARS-CoV. 


DISCUSSION 


The pathophysiology of the CoV diseases of humans and 
animals has been studied extensively; there is still a lack of 
information on the recent outbreak, particularly regarding the 
development of humoral immune response. In general, each 
CoV causes disease in only one animal species. In immuno- 
competent hosts, infection elicits neutralizing antibodies and 
cell-mediated immune responses that kill infected cells (8, 9). 
Sequence analysis reveals that the SARS-CoV has all the char- 
acteristics of a CoV but is sufficiently different from all previ- 
ously known CoVs to represent a new CoV group (18, 24). The 


B C 


4 5 


FIG. 4. Expression, purification, and immunoblot analysis of the 
His,-tagged C domain from E. coli strain M15. (A) SDS-PAGE of 
samples eluted from affinity chromatography purification. M, protein 
marker; lane 1, total cellular extract before IPTG induction; lane 2, 
total cellular extract 4 h post-IPTG induction; lane 3, eluted protein 
sample from affinity chromatography purification. (B) Immunoblot of 
fragment C with the monoclonal anti-His; antibody. Lane 4, purified 
protein sample. (C) Immunoblot of purified fragment C with a pooled 
serum sample from the 10 positive serum samples. Lane 5, purified 
protein sample as described for lane 3. 
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SARS-CoV genome contains five major open reading frames 
that encode the replicase protein and four major structural 
proteins: S, E, M, and N. Among these structural proteins of 
CoVs, S protein is the key protein that allows the virus to dock 
with cells and initiate infection (5). Previous reports show that 
the S protein has been determined to be the major neutralizing 
antigen for other known CoVs (1, 6). S protein also was re- 
ported to be a factor of virulence in CoVs. Evidence comes 
mainly from comparative studies of different naturally occur- 
ring mouse hepatitis virus strains in which the alterations in 
virus virulence were most closely associated with differences in 
the S gene (13, 21, 26). Besides that, the unique projection of 
S protein from E protein is the earliest recognized antigenic 
epitope by the host immune system compared to other struc- 
tural proteins (1, 6, 10, 26). 

To identify the immunogenic sites and putative locations 
of the major immunodominant epitope of S protein, we first 
cloned the 18 truncated nonoverlapping fragments of S pro- 
tein and expressed them in an E. coli system. Immunoblot 
assays, with 10 SARS-infected patient serum samples and 10 
healthy human serum samples randomly chosen from the 
panel of screening sera (33 SARS-infected patient serum 
samples and 66 healthy human serum samples), to screen 
the reactivity of these fragments showed that none of the 18 
fragments, either individually or in combination, could rec- 
ognize the 10 SARS-infected patient serum samples. These 
small nonoverlapping fragments lack sensitivity because of a 
lack of antigenicity. They were unable to detect the SARS 
antibodies, as the immunogenic sites are composed of dis- 
continuous epitopes. 

In parallel, to identify potential candidate antigens for use as 
subunit vaccines against the SARS-CoV, five larger overlapping 
fragments of S protein were cloned, expressed in the baculovirus 
system, and reacted with the same randomly selected SARS- 
infected patient serum samples and healthy patient serum sam- 
ples. Domain C was the only fragment reacted with all the 10 
SARS infected patient serum samples. Thus, domain C contains 
major immunogenic sites of the SARS-CoV (Table 4 and Fig. 4). 
In this study, domains A and B, both originating from the N- 
terminal region of the S protein, showed no reactivity with the 
SARS patient serum samples. This correlated with the findings of 
the lack of antigenicity of the truncated fragments $1 to S5 (A and 
B domains). The surface probability test with the S protein se- 
quences showed that domains A and B have a low surface prob- 
ability, indicating that these two regions might be buried in the 
three dimensional structure of S protein. This also applies to 
domain E, which correlated with the truncated fragments S15 to 
$18. In contrast, domains C and D have a high surface probability, 
which may contribute to their antigenicity. 

To further characterize domain C, which contains the im- 
munogenic sites of the SARS-CoV, this fragment C was sub- 
cloned into an E. coli expression system to increase the yield of 
expression. Purified fragment C was used to develop Western 
blots, and the fragment elicited a strong immune response with 
all 33 SARS-infected patient serum samples, including the 10 
randomly selected in the previous studies and 23 additional 
SARS-infected patient serum samples, but showed no reactiv- 
ity towards all 66 healthy human serum samples. 

The 33 SARS-infected patient serum samples used in this 
study were collected from patients 7 to 60 days after the onset 
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of fever. We have used the C fragment of the S protein to test 
the immunoglobulin G (IgG) and IgM levels in the SARS- 
infected serum samples. This result with the C fragment was 
compared to that obtained with the truncated N protein (un- 
published data) developed by our lab. The results showed that 
the C fragment of the S protein was able to detect IgM SARS 
antibodies in two infected patient serum samples collected 9 
and 11 days after the onset of fever, and these two samples 
were not detectable by the truncated N protein for IgM SARS 
antibodies. This suggests that the truncated S protein may be a 
potential antigen for diagnostics used in the early detection of 
SARS infection. This correlated with the findings that the S 
glycoprotein was the earliest recognized antigen by the host 
immune system, whereas the N protein induced antibody re- 
sponses during the later stage of infection (1). It has also been 
reported that SARS patients first developed serum IgM spe- 
cific for the SARS-CoV, although the IgM level begins to 
decline 3 weeks after the onset of fever (16). 

However, the early detection of SARS infection by assay 
also depends on the nature of the assay. Following SARS 
infection, no humoral response to the SARS-CoV is detectable 
for several days. This is known as the lag period. SARS-in- 
fected patients tested negative for IgM and IgG at week 1 after 
the onset of symptoms (16). A more sensitive detection 
method, such as an enzyme-linked immunosorbent assay might 
need to be developed to obtain a higher detection rate in the 
early stage of infection. Thus, to verify the sensitivity of the C 
fragment of S protein in the early detection of SARS infection, 
more sera of SARS-CoV infection at different times during the 
course of infection are needed. 

Further characterization was done with various sera against 
other animal CoVs, and no cross-reaction was detected be- 
tween the C fragment of S protein and other related CoV- 
infected animal serum samples. Thus, our results suggest that 
fragment C may be a good candidate to develop a specific and 
effective antibody detection test for SARS-CoV infection. To- 
day, although the SARS outbreak has now ceased, the volume 
of tests for SARS is likely to remain a significant portion of the 
diagnostic laboratory’s workload, especially in the coming win- 
ter months in the northern hemisphere. It is important to have 
the reliable assay for the SARS-CoV ready. 

In conclusion, fragment C of the S protein has been identi- 
fied as a major immunodominant antigen for the SARS-CoV. 
This fragment C could serve as a useful tool to monitor the 
antibody response from suspected SARS patients, individually 
or in combination with other antigenic proteins from the 
SARS-CoV, such as the N protein. 
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